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Transplanting carbon nanotubes
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Current efforts of guided growth of carbon nanotubes alone cannot make large-scale and directed
assembly of them. Thenanopelletingconcept overcomes this limitation by embedding carbon
nanotubes in microscale pellets that can be transplanted readily. This technique includes vertical
growth of carbon nanotubes, pellet casting, planarization, pellet separation, and transplantation. A
specific manufacturing process is developed and tested with favorable results. This technology will
enable directed assembly of carbon nanotubes in a long-range order. ©2004 American Institute of
Physics. [DOI: 10.1063/1.1836865]
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Carbon nanotubes(CNTs) elicited significant attentio
upon their discovery. There has been continuous interes
research covering the synthesis and potential applicatio
single- and multiwalled carbon nanotubes. Widespread u
CNTs is predicated on the development of robust large-
manufacturing techniques. There remain, however, few
sible methods for the large-scale handling of geometric
uniform CNTs,1,2 which has limited their integration in
successful commercial applications to date.

The key challenges to developing robust manufactu
techniques can be grouped into three categories: Gr
handling, and functionalization. The growth is carried
using either of catalytic methods with chemical vapor de
sition (CVD), both thermal and plasma-enhanced(PE), or
with noncatalytic methods, such as arc evaporation or
ablation. Previous research on CNT growth using PE-C
systems3–8 has demonstrated the capability of aligned gro
of CNTs, both individually and in clusters, but has not d
onstrated over large areas. A challenge with these gr
methods of aligned CNTs is to cover areas larger than se
square centimeters. Consequently, the current efforts
large-scale CNT assembly rely on liquid dispersions9–11 that
do not provide deterministic control over individual CN
alignment or position during assembly. Recently, researc
have reported manipulation of individual CNTs via ato
force microscope probe tips,12,13 electric field,14 and surfac
forces.15 But all these methods have inherently low yield
throughput for large-scale device fabrication.

In this letter, we demonstrate a process16 for transplant
ing CNTs, termednanopelleting, which provides specifi
control over individual CNTs in length, alignment, and po
tion over large areas. Conceptually, a nanopellet consist
CNT (or CNTs) embedded within a microscale block. T
block serves as a microscale transport vehicle, or carrie
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the nanostructure, facilitating the handling and assemb
CNTs. Further, the embedded CNT(or CNTs) can also b
trimmed within the pellet via a chemical mechanical pol
ing (CMP) process. Nanopelleting thereby provides a fu
tional periodicity to individual CNT(or CNTs), uncoupled
from spatial and temporal process fluctuations normally
perienced in CNT growth. Moreover, nanopellets provid
seeding mechanism where CNTs can be grown and s
quently harvested; this enhances control over yield, ena
the fabrication of devices with large areas of high-qua
CNTs. Consider the case of growing healthy flowers in
ideal green house, one stem in one pot, and transpla
them into arbitrary locations by simply relocating individ
pots. Nanopelleting is similar to this case, but in microsc

In the design of nanopellets, functional requirements
the CNTs assembly are laid out. Specifically, the CNT(or
CNTs) should be embedded into a pellet with known(verti-
cal) alignment. Further, the pellet itself should be of unifo
length, selectively releasable from the substrate along
the embedded CNTs when they are harvested, and the
body material should be selectively removable to expos
CNTs when it is necessary. Finally, the pellets should
the required features to enable self-assembly onto an a
tor substrate. The initial target of this research was to sa
these requirements by demonstrating the release and
plantation of a pellet with embedded CNTs. A coin-type
let is designed, 100µm in diameter and 2µm in depth.

To fabricate nanopellets, standard microelectronics
rication processes and tools are utilized. The overall pro
for fabricating nanopellets, shown in Fig. 1, utilizes silic
trenches to cast polymer into the pellet bodies. The CNT
grown on the catalyst patch at the bottom of the trench
form a 8µm diameter bundle of vertically aligned nanotu
[Fig. 2(b)]. An epoxy polymer is then cast onto the substr
encapsulating the CNTs, and the surface is planarized
move excess polymer and trim the CNTs to a uniform lenl:

The pellets are then released from the silicon substrate.
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Fabricating trenches with small catalyst patches at
bottom center is straightforward. But the depth of the tre
is governed by the focal length of the optical lithograp
which limits the aspect ratio of nanopellets. The trenche
etched using reactive ion etching(but could also be KOH
etched to achieve sloping sidewalls) and patterned positiv
photoresist. CNTs are grown on catalytic patches via
CVD.3,4 Control over the location and quantity of the CN
is possible by controlling the catalyst patch size and loca
The catalyst patches used are 15 nm thick nickel depo
via electron-beam(e-beam) evaporation and patterned
5–10 µm diameter dots using optical lithography. C
growth was conducted with a 20 nm SiO2 buffer layer unde
the nickel patch. The PE-CVD chamber run an acetyl
ammonia gas mixture(80 sccm/160 sccm) with a heated
cathode at 500 °C and a dc power source for plasma ign
operating at,515 V.

The PE-CVD process resulted in patterned growth
vertically aligned nanotubes only at the catalyst patch a
bottom of a trench, as shown in Fig. 2, which is consis
with prior CVD work.3,4 Stress fluctuation developed arou
catalyst particles by the electric field can modulate the d
sion rate of carbon atoms, so as to prevent the deviatio
the direction of CNT growth from the electric-fie
direction.17 Then, an epoxy resin is spin coated to fill
trenches. The filler used in our experiments is a two-
epoxy, 610 M-Bond sold by SPI Supplies, spun on,
cured at 175 °C for 1 h. There is no visible adverse effec
the CNT alignment after filling the trenches with the ep
polymer, which fully embeds the CNT cluster. Then, the s
strate is planarized on a standard dual-rotor CMP machi
35–50 rpm rotor speeds and 5–10 psi pad pressures. T
done on 1 cm2 pieces adhered to the rotor head by wet
the back side of the die and relying on surface tension
the rotor head’s rubber pad. The CMP process provid
reliable means for trimming buried CNTs as shown in Fig

FIG. 1. An overview of nanopelleting processes. The pellets are fabri
by etching trenches, growing CNTs with vertical alignment in the trenc
then spin casting an epoxy polymer, and planarizing the substrate to
isolated pellets with uniform-length CNTs. The pellets can then be rele
harvested, and transplanted in large scale.

FIG. 2. A trench(100 µm diameter, 2µm depth) on a silicon wafer with a
8 µm diameter CNT bundle at center. The vertically grown CNTs ca
seen clearly in(b), with nickel dots at the tip demonstrating tip-grow

mode.
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Depending on the initial thickness of the epoxy, this
may take time on the order of 60 min, with a faster mate
removal rate at lower pressures and higher rotor speed
ter planarization, the pellets are released using a XeF2 etch,
which selectively releases the epoxy pellet from the sil
substrate along with the embedded CNTs. Selective rem
of the epoxy to expose CNTs is also achieved via oxy
plasma ashing as shown in Figs. 3(a) and 3(b). To confirm
the resistance of CNTs to the processes selected to r
the pellets from a silicon substrate as well as removing
filler material, we tested the effect of oxygen plasma
XeF2 on CNTs. The results shown in Figs. 4(a) and 4(b)
confirm that CNTs are not attacked by oxygen plasma
30 min of exposure, while the M-bond epoxy is remov
Additionally, the results confirm that XeF2 does not attac
the CNTs and can therefore be used to release pellets.

The final step of the process is to transplant the rele
pellets to a substrate(receptor). We have positioned pelle
onto an acceptor wafer surface, prepatterned in the T-s
as shown in Fig. 5(b). Manual translation and alignment
carried out on a microprobe station, where 12µm sharp tips
mounted ontox/y/z stages are used to push the pellets
position. The circular pellets are pushed and dropped
shallow trenches[Fig. 5(a)], which are etched slightly larg
(110 µm) than the diameter of the pellets(100 µm) and bot-
tom coated with indium to be heated above its melting p
to secure the pellets in place. Exposing CNT bundles
quires one to solidly anchor CNTs to the acceptor subs
surface and to remove the pellet epoxy material. Simpl
CNT anchoring experiments were conducted with an ac
tor substrate having a 50 nm thick evaporated indium la
A CNT pellet is bonded by placing it on the acceptor w
surface and heating the wafer to 200 °C for 30 min.
pellet exhibited fair adhesion to the surface, allowing
wafer to be flipped upside down without displacing the
let. The bonded pellet is then exposed to oxygen plasm
30 min, removing the pellet material but leaving the CN
and indium surface intact.

te
,

FIG. 3. Trimmed CNTs via CMP process:(a) A side view of the planarize
CNTs after the removal of the epoxy body via O2 plasma.(b) An oblique
view of the planarized CNTs after the removal of the epoxy body vi2
plasma.

FIG. 4. The results of the CNT selectivity experiments:(a) Showing densel
packed CNT bundles that were embedded in epoxy, not planarize
oxygen plasma ashed, and(b) showing a loose bundle of CNTs, not p

narized, exposed to XeF2 gas.
icense or copyright, see http://apl.aip.org/apl/copyright.jsp
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We have demonstrated the feasibility of the nanope
ing concept as a method for transplanting CNTs. The re
support the merit of nanopelleting as a means of determ
tic assembly of CNTs. Further works on functionalizing n
opellets is necessary to fully harness this technique.
assembly methods for microstructures, including fluidic
cellular self-assembly18,19are particularly promising togeth
with the nanopelleting process. Also of interest for this p
cess is the capability to make pellets with bundles of C
or with individual CNTs. Prior reports on individual nan
tube growth4,20 have demonstrated this is feasible w
submicron-sized nickel catalyst sites. Accordingly, we h
patterned submicron scale catalyst patches using e-be
thography and are targeting the growth of individual CNT
make high-aspect-ratio cylindrical nanopellets, called n
candles.

Further, the harvesting of nanopellets allows for the
velopment of applications with large-scale assemblie
CNTs. Applications that are particularly well suited to n
opelleting are those that require large expanses of ar
CNTs with specific geometries, alignment, and location.
amples of such applications include field emission disp
where even a relatively small display of several sq
inches would require vast numbers of ordered CNTs. O
potential applications that may be enabled by this techn
but are yet underexplored include the use of CNT array
nanolithography using photo/thermal/electron energy be
as well as structural applications, such as carbon nano
posite interconnects. Moreover, given the broader utilit
the nanopelleting concept in terms of multiscale manufa

FIG. 5. Transplanting of CNTs:(a) A schematic view of the concept
transplanting nanopellets,(b) transplanted pellets arranged into rece
trenches, forming a T shape, and(c) a nanopellet with CNTs in center befo
O2 ashing.
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ing, nanopelleting can be used more broadly for a varie
nanostructures and their applications.
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